To summarize recent work from clinical and epidemiological studies that describe how, and at what stage, glaucoma affects the performance of important vision-related activities.
Introduction
Since quality of life in glaucoma was first examined 10 years ago [1, 2] , more research has focused on the impact of glaucoma on patients. Many population-based studies [3] [4] [5] and a multicenter clinical trial [6] have evaluated self-reported disability occurring as a result of glaucoma. Research from the population-based Salisbury Eye Evaluation (SEE) and other clinic-based studies have directly examined how individuals with glaucoma perform important tasks such as driving, walking, and reading and also looked into the mechanism by which glaucoma produces disability. This research has led to a better understanding of how, and at what stage of disease, glaucoma impacts the activities of daily living in adults with the disease.
Importance of relating glaucomatous damage to disability
Glaucoma affects approximately 2% of adults over the age of 40 years [7] , and disease prevalence increases dramatically with age [8, 9] . Aging of the population worldwide will lead to substantially more individuals with glaucoma in coming years [7, 8] , which may result in dramatically more individuals with glaucoma-related visual disability.
Knowledge of when and how glaucoma produces disability will help decide which patients should be treated and how aggressive treatment should be. This knowledge will also help to determine the level of disease at which the benefit of screening outweighs costs. In addition, measurement of disability from glaucoma can help define guidelines to increase patient safety (i.e. avoid crashes in drivers), identify patients who might benefit from rehabilitative interventions, and test the efficacy of rehabilitative interventions.
Glaucoma and disability: which tasks to study?
Studies have suggested that glaucoma affects a broad array of activities [1, 2, 6, 10, 11] , raising the question of which vision-related activities are most important for study. Ideally, investigations should focus on activities that are both important to individuals with glaucoma and are likely to be affected by the disease.
Recent work has assessed which activities are most important to patients with glaucoma by asking them to choose amongst hypothetical scenarios in which they had different levels of difficulty with different tasks [12 ,13 ] . Patients gave the greatest importance to tasks involving central and near vision (i.e. reading), with high scores also given to mobility outside the home (i.e. driving and walking outside) [12 ,13 ] . Less importance was given to glare, bumping into objects, and performing household chores [13 ] .
Focus groups [14] [15] [16] [17] and clinical trial-based questionnaires [18] have examined the complementary question of which tasks are most affected by glaucoma. Difficulties related to lighting such as glare [15, 18] and difficulty adapting to different levels of light [15, 18] consistently ranked as the most frequent complaint. Other common complaints included difficulty with walking or stair climbing, reading, and face recognition/social relations [14, 15, 17] . Driving was not discussed in most of these glaucoma focus groups, but was the most frequent complaint in the group used to create the National Eye Institute Visual Functioning Questionnaire (NEI-VFQ) [14] . Altangerel et al. [19] directly tested the performance of glaucoma patients on an index of activities and identified searching for objects, reading, and manual tasks (placing a stick into holes of different sizes) as most related to the extent of visual field loss.
Criteria for evaluating studies relating glaucoma to disability
It is clear that glaucoma affects all vision-related activities in the most advanced cases, but less clear how severe disease must be before difficulty is first detected. Therefore, this review will give priority to studies that yield insight into when glaucomatous visual field damage has an effect on functional impairment and how the level of disability relates to stage of disease ( Fig. 1 ). Visual field damage can also occur from a variety of eye conditions and has been noted as an artifact of testing in 15% of individuals without eye disease [20] . Other eye diseases produce different spatial patterns of visual field loss from glaucoma and also have distinct effects on other aspects of vision (acuity, contrast sensitivity, etc.). Therefore, studies that relate visual field damage independent of cause to disability have been excluded from this review.
Numerous nonocular factors (i.e. race, cognitive ability, education, and comorbid illness) differ between individuals with and without glaucoma and strongly influence reading, mobility, or driving (Ramulu PY, et al., in preparation) [21 ,22 ] . Not adjusting for these important covariates can result in drastically different results. In SEE, for example, bilateral glaucoma patients read more slowly than individuals without glaucoma in the unadjusted analysis, but no difference in reading speed persisted after adjusting for age, race, education, and cognitive ability (except in those with the most advanced glaucoma) [22 ] . Therefore, we will focus on studies that have attempted to account for other potentially confounding variables.
Staging glaucoma for purposes of disability
To relate difficulty with a given task with disease severity, an appropriate disease severity scale must be used. Several glaucoma staging systems have been previously described, though nearly all focus on staging disease for a single eye [23] [24] [25] [26] . Overlapping visual field loss in both eyes may be most relevant to disability. Therefore, systems to directly test the binocular visual field were developed such as the Esterman binocular suprathreshold field [27] . Others have devised methods to simulate the binocular visual field by combining data from separate right and left monocular visual field tests [28, 29] .
The best metric of glaucoma damage to relate disease severity to disability still remains unclear. Overlapping visual field loss has not been shown to produce more disability than nonoverlapping visual field loss. Additionally, Esterman visual fields are not routinely ordered, and no 'bedside' method for combining right and left visual fields is available. Thus, metrics that use the individual monocular field data, such as the mean deviation of the better or worse eye, have been most commonly employed. Further work is needed to more easily measure or generate binocular fields, and to further explore their utility as a metric for disability.
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Understanding when disability is present
The strongest evidence for the presence of disability exists when multiple lines of evidence link visual impairment from a certain disease (and of a given severity) to difficulty in a specific functional domain (i.e. reading, walking, or driving). Ideally, self-reported difficulty with a task, measured task performance, and a mechanism linking disease and disability would all support the association of disability with a given stage of disease ( Fig. 2 ). For example, if bilateral glaucomatous visual field loss truly affects the ability to read, then individuals with bilateral glaucoma should describe more difficulty reading, read measurably more poorly, and demonstrate a plausible mechanism for their disability (i.e. greater time finding the next line of text) when compared with similar individuals without glaucoma.
All methods to evaluate disability have strengths and weaknesses, and no single method of study can, by itself, demonstrate disability (Table 1 ). Direct measures of task performance may fail to recapitulate how the task is performed in real-world settings. On the contrary, studies that measure disability through self-reported answers to questions are subject to bias. Knowledge that one's eye is not normal may lead individuals to report more symptoms or difficulty with tasks. For example, one-third of patients in the Collaborative Initial Glaucoma Treatment Study (CIGTS) [30] attributed symptoms such as burning, irritation, eye pain, and redness to their glaucoma though they had yet to receive treatment. In other situations, knowledge of disease may make patients less likely to report adverse events. For instance, one study [31] demonstrated that patients with glaucoma were less likely to self-report a state-recorded automobile accident than individuals without glaucoma, and this reporting bias produced different conclusions about whether or not glaucoma is associated with more accidents. Other individuals may underreport disability that they have accepted and by which they are no longer troubled. For example, only one out of four of those in the SEE cohort [32] who read slower than 80 words per minute (the cutoff for reading impairment) reported moderate or extreme difficulty reading.
Walking and balance
Walking and balance are important to healthy living. Elderly individuals with difficulty walking are more likely to enter into assisted living or nursing homes [33] . Furthermore, when walking becomes difficult or is accompanied by fear of falling, patients may restrict their physical activity [34] , producing decreased quality of life [35, 36] , higher morbidity [37] [38] [39] , and increased mortality [40] [41] [42] [43] [44] [45] [46] . In a glaucoma focus group, difficulty walking was the most common complaint after difficulty with poor lighting, with 49% describing difficulties with steps, 42% describing difficulty going shopping, and 36% describing difficulty crossing the road [15] . Similarly, questionnaires given to glaucoma patients demonstrated that two of the strongest correlates with binocular visual field loss were difficulty with stairs and bumping into objects [17] .
Overall, patients with glaucoma walk more slowly than similarly aged controls [47] , and walking speed is strongly correlated with mean deviation in the worse-eye visual field [47] . A population-based comparison of walking in individuals with and without glaucoma demonstrated that patients with bilateral, but not unilateral, glaucoma walked slower, and bumped into objects more frequently [21 ] . No difference in performance was observed going up and down a short staircase [21 ] . Slower walking speeds and more frequent bumps were also observed when the field of vision was artificially constricted in normal individuals [48] . Walking may be slower in glaucoma patients because it requires greater care and concentration. Indeed, response to a secondary task slowed Figure 2 The strongest evidence linking disability to eye disease occurs when self-reported ability, measured outcomes, and a plausible mechanism for disability in a given functional domain (i.e. reading, driving, or walking) are all observed to occur at the same level of disease severity Hard to capture rare events Impairment may not be reported when activities are given up More laborious to perform in walking glaucoma patients as visual field damage worsened [49 ] .
Glaucoma also has been noted to lead to impairment of balance. In SEE, patients with bilateral, but not unilateral, glaucoma had more trouble performing balance tasks such as semitandem and tandem stands, in which the heel of one foot is placed next to or in front of the big toe of the second foot [21 ] . Other studies have demonstrated that individuals with glaucoma sway more when standing than normal individuals [50] and that greater sway is associated with increasing visual field damage in the better eye [51 ] . No differences in sway were observed when testing was performed with eyes closed, which strongly suggests that the observed changes in balance were due to loss of visual input [50, 51 ] .
The end result of bumps and poor balance may be more frequent falls. In the Blue Mountains Eye Study [52] , falls were twice as likely when patients were using a glaucoma medicine. Similarly, glaucoma patients in the Singapore Malay Eye Study [53] had four-fold higher odds of falling than nonglaucoma individuals after adjusting for visual acuity, though this conclusion was limited by the small number of glaucoma patients. A four-fold higher risk for falling was reported by patients in a clinicbased study by Haymes et al. [54] . However, nonglaucoma controls in that report seemed poorly matched with the glaucoma patients, as they were more frequently employed, had fewer medical conditions, and had better acuity [54] .
Glaucoma-related falls may produce serious fractures in elderly patients. Among Medicare recipients, glaucoma patients coded as visually impaired were more likely to have had a fall or accident [odds ratio (OR) ¼ 1.6] and to have had a femur fracture (OR ¼ 1.6) when compared with glaucoma patients not coded to have visual loss [55] . Colon-Emeric et al. [56] examined risk factors for entry into a skilled nursing facility because of a hip fracture and noted that glaucoma was a risk factor in men, but not in women.
Reading
Difficulty with central and near vision tasks in general, and with reading specifically, is the most frequent complaint among patients with eye disease [14] . Near vision tasks such as reading are also the most valued visual function among patients with glaucoma [12 ] . Although reading is clearly dependent on visual acuity [14, 57] , complaints of difficulty reading are also commonplace among patients with glaucoma and were noted in over 40% of the glaucoma patients in a glaucoma focus group [15] .
In the SEE study, patients with bilateral glaucoma were almost five times more likely to report severe difficulty with near activities than individuals without glaucoma [4] . This confirms several clinic-based studies [1, 2, 10, 11, 58] that demonstrate more vision-related difficulty with near vision tasks in the presence of glaucomarelated visual field loss. Data from SEE, however, demonstrated significant discordance between measured reading speed and self-reported reading difficulty, particularly among individuals who read poorly. This disparity between measured reading speed and selfassessment highlights the need to utilize both questionnaire and direct testing methods to assess reading [32] .
When reading speed was directly measured in the SEE study, only the most advanced glaucoma patients had significantly decreased reading speed [22 ] . However, reading speed was measured over a short 15 s test interval that may not capture difficulty with sustained reading or with reading-related tasks such as searching pages for information. A second study [19] identified the reading of small print as one of the most visually demanding tasks for glaucoma patients and noted a moderate correlation between reading speed and the extent of Esterman binocular visual field loss. In another study [17] , glaucoma patients with worse Esterman scores described more difficulty following a line of print or finding the next line when reading, providing a plausible mechanism by which visual field loss could lead to reading difficulty. Further testing of reading under more realistic reading is required to address these contradictory findings and to firmly establish when glaucoma results in difficulty reading.
Driving
Mobility outside the home is cited as one of the two most important visual functions by patients with glaucoma [12 ,13 ] , and is particularly important in the United States where the elderly rely upon driving as the primary means of transportation [59] . Elderly persons who stop driving are nearly five times more likely to move to a long-term care facility [60] , have higher rates of depression [61] , and report a lower quality of life [62] . Large numbers of patients with very advanced visual field loss continue to drive (Ramulu PY, et al., in preparation), even after a previous collision [63] , subjecting both themselves and society at large to increased mortality [64] .
Previous analyses of accident rates among those with glaucoma provide mixed evidence for an association.
McGwin et al. [31] found that glaucoma patients had a three-fold increase in the odds of a state-reported accident when compared with controls without glaucoma. A subsequent case-control study [65] also noted higher crash rates with worsening levels of glaucomatous visual field loss. Haymes et al. [54] found a high rate of motor vehicle accidents among glaucoma patients when compared with controls (OR ¼ 6.6), though controls were partially recruited from an employee pool that was healthier and had better visual acuity than the glaucoma patients. Hu et al. [66] , on the contrary, found that crash rates were not higher in women with glaucoma, whereas men with glaucoma had only a slightly higher rate of state-recorded accidents (OR ¼ 1.7). One report [67] even noted fewer state-recorded accidents among individuals with glaucoma (OR ¼ 0.67).
Patients with glaucoma perceive more difficulty driving than control individuals without glaucoma [1, 68] , and perceived difficulty increases with worsening visual field damage in the better eye [2] . SEE participants with bilateral, but not unilateral, glaucoma had worse selfreported scores with regards to driving at night, suggesting that disability may occur primarily in patients with bilateral disease [4] . One study [68] found that driving ability was self-reported to be worse among glaucoma patients with worse than 12 dB mean loss in the more affected eye. Yet, the same study reported that there were significant differences in perceived ability to drive between patients with treated and untreated ocular hypertension, suggesting that reported difficulty may be more related to perceived disease severity than actual disability.
As a result of perceived difficulty with their vision, individuals with glaucoma may also limit or stop driving. Participants in the SEE study with bilateral glaucoma were nearly three times as likely to have stopped driving than individuals without glaucoma, and unilateral glaucoma was noted to also possibly result in more frequent driving cessation (Ramulu PY, et al., in preparation) . Glaucoma was more frequently associated with driving cessation in the Blue Mountains Eye Study [69] (OR ¼ 2.2) as well, though the likelihood of driving cessation was not separately analyzed for different levels of visual field loss. Others with glaucoma likely restrict their driving without stopping altogether. Patients with glaucoma are twice as likely to avoid driving at night, in fog, in the rain, in rush hour, or in highway traffic when compared with individuals without glaucoma [67] .
Another study [70] found that glaucoma patients were more likely to limit their driving at night and in unfamiliar areas, but not on highways, in bad weather, or during rush hour. We found that elderly individuals had similar rates of night driving cessation, driving frequency, and cessation of driving in unfamiliar areas whether they had glaucoma or not. However, our data suggest that patients with bilateral glaucoma do report more driving limitation attributable to visual difficulty (Ramulu PY, et al., in preparation).
A plausible mechanism for difficulty driving among glaucoma patients is that they have more difficulty seeing peripheral objects. Indeed, one study [71 ] found that patients with glaucoma were less likely to see pedestrians on the side of the road during actual road tests, and were more likely to require an intervention by the driving evaluator. Patients with glaucoma also experienced more accidents in a wide-field driving simulator than individuals without glaucoma, and the likelihood of a simulated accident correlated with the degree of constriction in the binocular horizontal visual field [72] . However, a separate study [72] did not find that glaucoma patients differed from controls in any of eight driving measures performed in a driving simulator, though fewer than 30 patients were in each group.
The importance of lighting conditions
The lighting conditions under which tasks are performed may be even more important than the task itself. Seventy percent of patients in a focus group complained of glare with bright lights, and over half described difficulty adapting to different levels of lighting [15] . Another study [16] noted that 82% of glaucoma patients described trouble seeing in the dark as compared with only 32% of controls. Two studies [12 ,15] have also noted that the greatest change in self-reported ability with worsening visual field damage occurs in the domain of lighting and glare. Simulated visual field constriction in normal individuals has also been observed to have a more profound effect under scotopic conditions [48] , though direct testing of task performance in glaucoma patients relative to light level remains largely unexplored.
Other effects of glaucoma
Medicare data have suggested that individuals severely impaired from glaucoma are more likely to develop depression (OR ¼ 1.6), though other studies [73, 74] have noted no association of depressive symptoms and glaucoma. The diagnosis of glaucoma may by itself increase anxiety, and up to 80% of patients describe negative emotions such as anxiety upon receiving the diagnosis of glaucoma [75] . In CIGTS, nearly 50% of patients worried about possible blindness as a result of their diagnosis [30] .
Conclusion
Individuals with bilateral visual field loss from glaucoma have worse self-reported visual abilities and measurably worse task performance, particularly in driving and mobility. Much less evidence supports the idea that unilateral visual field loss results in significant disability. More research is also needed to determine how increasing visual field damage from glaucoma affects other important domains such as reading, face recognition, and task performance with very bright or very dim lighting. It will be important to conduct studies that directly assess driving and mobility under real-world conditions.
